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CHAPTER 1: GENERAL INTRODUCTION 
 
Introduction 
 
The application of doubled haploids in maize (Zea mays) is becoming an 
increasingly popular and significant tool for plant breeding and development of new 
lines (Röber et al., 2005). Doubled haploids (DH) have two sets of identical 
chromosomes. Their main distinguishing trait compared to conventional inbred lines 
generated by repeated self-pollination is that homozygous lines can be produced in 
two generations by using doubled haploid plants as starting materials. In the past, 
inbreeding of maize required repeated self-pollination for about six to ten generations 
to get sufficiently homozygous inbred lines (Hallauer et al., 2010). Moreover, DH 
lines can be applied to combine important traits in a short time in breeding programs 
(Eder and Chalyk, 2002).  
Doubled haploids can be produced in vivo or in vitro (Zhang et al., 2008). 
Haploid embryos are produced in vivo by non-occurrence of the fusion of male and 
female gametes. Two types of in vivo haploid induction can be differentiated in maize, 
and will lead to maternal and paternal haploids, respectively. The genomes of 
maternal haploids originate exclusively from the seed parent plant. In this case, 
haploid induction is caused by the male parent (Coe, 1959). The pollinator serves as 
the inducer and the female as the genome donor. The opposite applies to the induction 
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of paternal haploids (Kermicle, 1969). Maternal haploids show a fair degree of 
viability. Partial fertility of their ears enables the selected haploids to be maintained as 
inbred lines. The use of wide crosses with other species is another method of 
producing haploids in vivo. This method is used in wheat (Triticum spp.), while using 
maize as male inducer. In this case, the haploid embryo is cultured in vitro, and 
chromosome-doubling produces double genomes of haploids. The in vitro methods 
include gynogenesis (ovary culture) and androgenesis (anther and microspore 
culture).  
In vivo induction of maternal haploids in maize has become the primary route for 
large-scale production of DH inbred lines (Röber et al., 2005). There are at least three 
critical steps involved in DH line production: generation of haploid plants, haploid 
selection, and genome doubling for Doubled Haploid Line (DHL) development. 
DH maize was first identified by Stadler and Randolph (1932). Chase (1947, 
1951) reported a 0.1% spontaneous haploid induction rate in maize and pointed out 
that haploids could be used for line development in the process of hybrid breeding. 
However, the spontaneous haploid induction rate was initially too low and did not 
meet the needs of breeders (Röber et al., 2005). A much higher induction rate (up to 
2.3%) was described by Coe (1959) in crosses with the inbred line Stock6. Since then, 
induction rates have been further increased through development of novel inducers 
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(Röber et al., 2005). For our experiments, RWS/RWK-76 was used (Röber et al., 
2005; Geiger et al., 2009). RWS/RWK-76 is an F1 between the two parental lines, 
RWS and RWK-76, both of which have high induction ability but poor agronomic 
performance. In tests over various induction environments, RWS consistently showed 
the highest induction rate (8.1% on average) compared to other inducer genotypes 
(Geiger et al., 2009). The F1 of RWS and RWK-76 combines high induction rates and 
a better agronomic performance. Eder and Chalyk (2002) tested different donors with 
the same inducer and found induction rates between 2.7% and 7.1 % (Table 1). The 
spontaneous chromosome doubling rate of maize haploids ranges from 0 to 10% 
(Chase, 1969; Beckert, 1994). Thus, the percentage of DHLs produced by specific 
inducer genotypes is dependent not only upon the induction rate but also upon the 
female (donor) genotypes.  
Donor plants (female) are pollinated with pollen from inducer lines. Most of the 
existing inducer lines are related to the line Stock6 (Röber et al., 2005). The haploid 
induction ability increased from below 2% to 6-10% in modern inducers (Röber et al., 
2005). Even higher rates (above 10%) were obtained by Sarkar et al. (1994), and 
Shatskaya et al. (1994) in progenies of crosses between Stock6 and Indian and 
Russian germplasm, respectively. Similar results were obtained by Chalyk (1999) 
with an inducer tracing back to crosses of Stock6 with Moldavian germplasm (Röber 
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et al., 2005). 
The induction line RWS descends from the haploid induction line WS14 
(Lashmermes and Beckert, 1988) and the induction synthetic KEMS (Shatskaya et al., 
1994). Compared to Stock6, WS14 provided two times and synthetic KEMS seven 
times more haploids than Stock6 (Röber et al., 2005). In both generations F1 and F5, 
the induction rates of cross WS14 × KEMS and its reciprocal were similar to their 
midparent value (Röber et al., 2005). 
Because haploids receive only half of the chromosomes of the donor genotype, 
the next step is genome doubling to produce DHLs (Figure 1). There is a need for an 
efficient, reliable, low-cost, and safe means for genome doubling (Wan et al., 1991). 
Doubling of the haploid genome is a necessary step for the production of doubled 
haploid plants in plant species with low frequencies of spontaneous genome doubling 
during haploidization (Hansen et al., 1998), and is currently done by using colchicine. 
Colchicine is a poisonous pale-yellow alkaloid, C22H25NO6, obtained from the 
Autumn Crocus (Colchicum autumnale). Colchicine blocks or suppresses cell division 
by inhibiting mitosis, the division of a cell's nucleus (Hantzschel et al., 2010). 
Specifically, it inhibits the development of spindles as the nuclei are dividing. 
Normally, the cell would use its spindle fibers to line up its chromosomes, duplicate 
them, and divide them into two new cells. With colchicine present, the spindle fibers 
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cannot form, and the cell cannot move its chromosomes. Cells may copy some or all 
of the chromosomes, but they might not be able to distribute them to daughter cells 
(Hantzschel et al., 2010).  
Haploids obtained from the hybrid MK01y×A619 were used for the evaluation 
of different methods of colchicine treatment (Eder and Chalyk, 2002). The first is 
based on a process of submersion, in which the seedlings are germinated on moist 
paper and submersed in a colchicine solution for a certain time before they are planted 
into soil. Another method is based on injection, in which the seedlings are grown in 
soil from the beginning. At the 2-3 leaf stage, plantlets are injected with a colchicine 
solution. If genomes in cells producing anthers and egg cells have doubled, they will 
be fertile. The effect of the treatment was considered to be successful if multiple 
anthers with fertile pollen appeared on the tassel of a haploid plant. The fertility of 
pollen was evaluated visually as suggested by Deimling et al. (1997). 
After treatment with colchicine, genomes do not double in all cells of a plant 
(Gayen, 1994). Treatment with colchicine results in chimeras with both haploid and 
doubled haploid genomes (Figure 2). Only plants that develop both a fertile ear and a 
tassel can set seed. These chimeric plants are thus difficult to maintain by 
self-pollination, as sterility might occur both at the male and female side (Figure 3). 
The average success rate (the percentage of haploid kernels resulting in a DH line) is 
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about 10% (Röber et al., 2005). 
A key requirement in the application of maternal in vivo haploid induction is an 
efficient screening system for separating kernels with a haploid embryo from those 
with a regular diploid F1 embryo, which relates to the biology of the double 
fertilization process (Röber et al., 2005). In the case of a regular double fertilization in 
maize, one sperm fertilizes the egg cell and the other sperm combines with the two 
polar nuclei of the large central cell of the megagametophyte (Kiesselbach et al., 
1949). The haploid sperm and haploid egg combine to form a diploid zygote, while 
the other sperm and the two haploid polar nuclei of the large central cell of the 
megagametophyte form a triploid nucleus. Additionally, some plants may form 
polyploid nuclei. The large cell of the gametophyte will then develop into the 
endosperm, a nutrient-rich tissue which provides nourishment to the developing 
embryo. The two central cell maternal nuclei (polar nuclei) that contribute to the 
endosperm arise by mitosis from the same single meiotic product that gave rise to the 
egg cell. The maternal contribution to the genetic constitution of the triploid 
endosperm is double that of the embryo (Figure 4). 
In paternally induced haploids, pollen or microspores are the source of haploid 
plants. In maternally induced haploids, the non-fertilized egg develops into a haploid 
embryo (Eder and Chalyk, 2002). There are two theories proposed to explain how the 
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process of double fertilization might fail and ultimately lead to maternal haploid 
plants. The first one proposes that pollen fails to fertilize the egg cell, but fertilizes the 
embryo sac cell and forms a viable triploid endosperm. The other proposes that after 
regular fertilization, inducer chromosomes are sorted out during the first cell 
divisions. 
For haploid induction in vivo, two genotypes are required – a donor and an 
inducer. After pollination of the donor genotype with inducer pollen, the resulting 
offspring will typically consist of 90% hybrids and 10% haploids. In order to  
identify haploids, a system of dominant anthocyanin marker genes is used, as 
described by Nanda and Chase (1966). R1-nj (Navajo) is used as a selectable marker 
in RWS/RWK-76 (Röber et al., 2005). The inducer is homozygous for the dominant 
marker gene R1-nj (Röbert et al., 2005). When crossed with non-pigmented donors, it 
leads to a purple scutellum and a “purple crown” of the aleurone of F1 kernels. R1-nj 
causes a colored endosperm and a colored embryo (Figure 5). If double fertilization 
has occurred, both endosperm and embryo are colored and the embryo is a diploid 
hybrid between donor and inducer. If the pollen only fertilizes the endosperm, while 
the egg cell remains unfertilized, the endosperm is colored and the embryo is colorless 
and haploid (Figure 6). If only the embryo is fertilized, then there will be no 
endosperm covering the seed, rendering the seed unable to survive. Self-pollination 
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results in a colorless embryo and colorless endosperm, depending on the parent plant 
(Figure 5). These two characteristics are used as embryo and endosperm markers, 
respectively (Eder and Chalyk, 2002). Although R1-nj is a good color marker, it still 
has some disadvantages. The first disadvantage is that it is difficult to select for in 
colored seed. When the color of the donor seed is dark, it is hard or impossible to 
perform color selection. The second disadvantage is that selection is time-consuming. 
Color selection is done visually and manually. Automation is unlikely to succeed, both 
because there are only slight differences in color between haploid and diploid 
embryos, and because of irregular kernel shapes. The third disadvantage is suppressed 
expression of anthocyanin. Expression of the R1-nj gene is suppressed in some 
genetic backgrounds by inhibitor genes (Röber et al., 2005). The dominant allele at 
the C1 gene in the anthocyanin pathway suppresses anthocyanin formation, and is 
epistatically suppressing R1 (Geiger and Gordillo, 2009). Thus induction crosses with 
donor genotypes carrying C1 result in uncolored kernels, where selection based on R1 
is not possible.  
Haploid selection usually has to be done at a very large scale. There is a high 
demand for simpler, less labor-intensive, and more robust procedures. An optimal 
procedure for haploid selection requires several key properties. Early detection must 
be feasible, ideally during the seed or seedling stage. The procedure must be usable 
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for all genetic backgrounds and all germplasms. The procedure must have low costs in 
time and labor and some or all aspects of the haploid selection process should be open 
to automation. 
The aim of this study was to evaluate new methods to select haploids. The first 
objective was to evaluate the usefulness of the herbicides tembotrione and 
nicosulfuron for haploid selection; the second objective was to evaluate automated 
sorting based on near-infrared reflectance spectroscopy (NIRS) haploid selection; and 
the third objective was to map a major gene conferring tolerance to the herbicide 
nicosulfuron. 
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Figure 1: Three steps for production of maternally induced doubled haploids in maize: 
(1) induction of haploids on donor plants; (2) haploid selection; (3) doubling and 
doubled haploid line (DHL) production.  
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Figure 2: Open pollinated ears of colchicine treated haploids from B73. Because these 
plants are open-pollinated, they should have kernels all over the cobs. However, 
chimera have only few kernels on their cobs, because of haploid sectors on those 
plants. 
 
 
 
 
 
 
 
 
  
Figure 3: Tassel on left side is from haploid plant with chimeric sector 
shedding anthers. Tassel on right side is from a diploid plant and sheds pollen 
normally.  
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Figure 4: Double fertilization: the fate of two sperm nuclei in flowering plants. One 
sperm nucleus unites with the egg to form the diploid zygote, from which the embryo 
develops, and the other unites with two polar nuclei to form the triploid, primary 
endosperm nucleus.  
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Figure 5: Schematic diagram of haploid selection with R1-nj (Geiger, 2009). R1-nj 
causes a colored endosperm and a colored embryo. If double fertilization has occurred, 
both endosperm and embryo are colored and the embryo is a diploid hybrid between 
donor and inducer. 
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Figure 6: Visual haploid selection on the cob. Haploid kernels have a colorless 
embryo, and a colored endosperm. Hybrids have a colored embryo and endosperm. 
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Table 1: Donor influence on induction rate. The percentage of haploids induced by 
specific inducers is not only dependent on the induction rate but also the female 
(donor) genotypes. 
Genotype Origin Total Haploid% No embryo% 
Hybrid 1 Flint*Dent 3092 3.5±0.5 2.0±0.2 
Hybrid 2 Dent 2244 6.1±0.6 2.3±0.3 
Hybrid3 Flint*Dent 1734 5.7±0.6 3.0±0.4 
Hybrid4 Flint*Dent 1686 7.1±0.7 2.5±0.4 
Hybrid5 Dent 2606 2.7±0.3 2.8±0.3 
Hybrid6 Dent 1527 3.0±0.4 1.1±0.3 
                                     (Source: Eder and Chalyk, 2002 )      
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CHAPTER 2: EVALUATION OF TEMBOTRIONE AS A TOOL FOR 
DISCRIMINATING HAPLOID AND DIPLOID SEEDLINGS 
 
Introduction 
 
 Haploid selection is a laborious and time consuming process. Different levels of 
herbicide sensitivity in donor and inducer plants can potentially be exploited to select 
haploids. In order to make this selection method possible, it is necessary to find a 
dominant sensitivity in maize (Zea mays) to an existing herbicide. The proposed 
process requires a donor that is not sensitive to this herbicide (ss for no sensitivity, 
assuming that a single dominant gene is responsible for herbicide sensitivity) and an 
inducer that is herbicide sensitive (SS: the inducer would carry the dominant herbicide 
sensitivity allele homozygously). After pollination of the parent lines, either 
heterozygous F1 seed or haploid seed is produced. If dominant herbicide sensitivity 
exists, heterozygous plants (Ss) are expected to be more sensitive to the herbicide than 
haploid plants (s). This means that haploids survive herbicide treatment, which 
eliminates the undesirable heterozygotes. A hybrid between the two parent lines 
should be sensitive, as the inducer contributes dominant sensitivity. The haploid plant 
should be tolerant, as it only has a single recessive herbicide tolerance allele (see 
Figure 5 in Chapter 1). 
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In most recorded cases, herbicide tolerance is a dominant trait (Williams et al., 
2005) (Table 1). In order to find a herbicide with a potential dominant sensitivity in at 
least some genetic backgrounds, we followed up on findings of herbicide damage in a 
few inbred lines in experiments conducted at the Iowa State University Agronomy 
Farm. In thesummer of 2009, herbicide damage was observed after application of the 
herbicide tembotrione in the field. Most of the damaged lines were highly inbred, 
including Ki3, W117, B99, R4, I159, P8, B73, and B47.  
Laudis is a newly developed herbicide whose active ingredient is tembotrione, a 
member of the triketone class of herbicides (Santel, 2009). Laudis is applied together 
with the safener isoxadifen-ethyl. The safener, isoxadifen-ethyl, protects maize from 
herbicide stress, which is the difference in net photosynthesis between treated and 
non-treated plants with herbicide. Even under challenging growing conditions, the 
presence of a safener ensures crop tolerance, which is the greatest possible loss that a 
growing crop can tolerate between crop emergence to field stabilization, while 
retaining the full economic value of crop stand, crop yield, or crop quality.  
The rate of Laudis applied in summer 2009 was 0.022 milliliters per square 
meter, with 0.146 milliliters per square meter of methylated seed oil and 0.351 
milliliters per square meter of ammonium nitrate as adjuvants. This rate of application 
is the typical use rate of Laudis in agricultural practice. The application of a triketone 
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herbicide results in quick bleaching and rapid elimination of sensitive weeds (Santel, 
2009).  
     Crop injury caused by herbicides is a common problem in crop production, 
especially in maize. To understand the sensitivity of plants to herbicides, it is 
important to describe, how herbicides act within plants. For example, herbicides can 
inhibit acetolactate synthase (ALS) (Robinson et al., 1994), photosystem II (Diebold 
et al., 2004), and hydroxyphenyl pyruvate dioxygenase (HPPD). Acetolactate 
synthase from mutants of tobacco and cotton (Nicotiana tabacum, Gossypium 
hirsutum) for tolerance to a triazolopyrimidine sulfonanilide displayed different levels 
of insensitivity to feedback inhibitors valine and/or leucine (Subramanian et al., 1991). 
When isolated from chlorsulfuron-resistant weed biotypes, similar traits were found 
for the plant genera Kochia and Stellaria. Genetic and biochemical studies of a 
tobacco mutant tolerant to herbicides chlorsulfuron and sulfometuron methyl showed 
that these sulfonylurea herbicides inhibit acetolactate synthase, the first enzyme 
specific to the branched chain amino acid biosynthetic pathway (Subramanian et al., 
1991). For three herbicides (thifensulfuron, imazethapyr, and triazolopyrimidine), 
sulfonanilide inhibition analyses versus the feedback inhibitor leucine showed that 
these herbicides compete with leucine for binding to acetolactate synthase 
(Subramanian et al., 1991). Acetolactate synthase-inhibiting herbicides may bind to 
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the regulatory site of the enzyme (O’Sullivan et al., 1995).  
There are several reports of herbicides which injured maize, especially sweet 
corn (Williams et al., 2005). For some of the HPPD herbicides, sensitive hybrids were 
reported, so that inheritance of sensitivity seems to be at least intermediate (Williams 
et al., 2005). For Chlorsulfuron, intermediate inheritance was postulated (Williams et 
al., 2005).  
In most current research, herbicide sensitivity has been found to be caused by a 
single recessive gene. The sensitivity of field corn and sweet corn to three 
sulfonylurea herbicides, nicosulfuron, primisulfuron, and thifensulfuron, was caused 
by a single recessive gene (Green and Ulrich 1993). Kang (1993) reported that 
sensitivity to nicosulfuron in field corn inbreds Mp313E and L688 was inherited as a 
single recessive gene, which was designated as1. Widstrom and Dowler (1995) 
observed that sensitivity to nicosulfuron was caused by a single recessive gene in field 
corn inbred Ab18. Moreno et al. (1999) used maize B-A translocation stocks to map 
the nsf1 gene to the short arm of chromosome 7. Bradshaw et al. (1995) observed that 
sensitivity of field corn inbred GA209 to bentazon was controlled by two recessive 
genes, ben1 and ben2. Fl hybrids from crosses of GA209 and bentazon-tolerant 
inbreds were tolerant despite of minor injury. The ben1 gene also caused sensitivity to 
nicosulfuron (Barrett et al. 1997). Green (1998) mapped a gene for sensitivity to 
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another sulfonylurea herbicide, rimsulfuron, to the short arm of chromosome 5 
(Williams et al., 2005). No dominant sensitivity to any herbicide has been reported so 
far in maize. 
In our tembotrione herbicide trials, the objectives were (1) to identify inbred 
lines that are sensitive or tolerant to tembotrione, and (2) to determine the mode of 
dominance of sensitivity to tembotrione using hybrids between tolerant and sensitive 
inbreds. Another important goal was to find the optimal range of tembotrione 
concentrations for discrimination between sensitive and tolerant genotypes. 
 
Materials and Methods 
 
Plant materials 
Inbred lines known for their sensitivity to tembotrione from field experiments 
and tolerant lines as controls were used for initial herbicide trials and as parental lines 
for F1 production during the summer of 2010. F1 seed was developed from two 
sensitive (Hix4234, P8) lines and one tolerant inbred (B73), in order to evaluate, 
whether hybrids between sensitive and tolerant lines show a higher or intermediate 
sensitivity compared to the tolerant line. This increased sensitivity would be 
indicative of dominance of sensitivity, and would be of interest for application as a 
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screening tool for haploid seed. Hix4234 seed was received through collaboration 
with Dr. Redinbaugh of USDA-ARS in Wooster, Ohio. P8 and B73 seed was 
provided by the Plant Introduction Station operated by the USDA-ARS in Ames, 
Iowa. 
 
Treatment 
The objective was to evaluate inbred lines and their hybrids, in order to find 
heterozygotes with the highest tembotrione sensitivity. The herbicide sensitivity of 
haploids produced on the non-sensitive donor would then be tested to determine, 
whether the level of tolerance in haploids (haploid plants would be tolerant, as they 
only have a single tolerance allele) is sufficient to survive the treatment that kills or 
severely damages hybrids carrying one dominant sensitivity allele (Ss). Before 
herbicide treatment, five healthy plants per genotype were selected and randomized in 
the trays. Treatments were applied at the 2-3 leaf stage. Seeds were planted 
individually in 5x5 cm pots, with 32 pots per tray. The temperature range in the 
greenhouse was maintained at 18.3°C - 23.9°C.  
 
Application method 
Herbicide applications were conducted in a spray chamber in the Weed Science 
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greenhouse (Figure 1). A moving sprayer applied the herbicide solution, simulating 
the application situation in the field. The original dose was 11.7 [ml/ml] Laudis (= 
4020 [µg/ml] Tembotrione), 2010 [µg/ml] Isoxadifen-ethyl, 182 [ml/ml] nitrogen 
fertilizer (40.1% ammonium nitrate, 30% urea, 29.9% water) and 78 [ml/ml] MSO 
(Methylated Seed Oil) (Table 2). 
Plants were scored 10 days after herbicide application by evaluating the youngest 
leaf and the second youngest leaf for the percentage of discolored leaf area (Figure 2). 
It is assumed that the youngest leaf did not come into direct contact with the herbicide, 
whereas the second youngest leaf was directly in contact with the herbicide. For each 
treatment, five plants per genotype were tested. The experimental unit was five plants 
per replication. In order to determine the critical dose for differentiation in initial trials, 
the visual score over the five plants was averaged. Sensitivity to Laudis has been 
scored as the percentage of damaged leaf area (Figure 2). 
 
Laudis experiments 1-3 
Three initial herbicide trials were performed to determine the optimal dose range 
for discrimination between sensitive and tolerant lines.  
 
Experiment 1: In the first trial, the inbred lines Ki3, HiX 4243, PHZ51, B47, and a 
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hybrid between B73 and the RWS/RWK-76 inducer were tested for tolerance to 
tembotrione. The doses were 2x, 1x, 1/2x, 1/4x, 1/8x, 1/16x, and 1/32x of the original 
dose, with one untreated control. 
 
Experiment 2: This experiment was a repeat of Experiment 1 above. Inbred lines Ki3, 
HiX 4243, PHZ51, B47, and a hybrid between B73 and the RWS/RWK-76 inducer 
were tested for tolerance to tembotrione. The doses were 2x, 1x, 1/2x, 1/4x, 1/8x, 
1/16x, and 1/32x of the original dose, with one untreated control. 
 
Experiment 3: In the third trial, we evaluated the same genotypes as in Experiment 1. 
Additional inbred lines were added: Il14 H, B217, R4, CML228, HiX 4283, I159, 
W117, A188, and P8. The doses were 1/2x, 1/4x, 1/8x, and 1/16x of the original dose, 
with one untreated control. The intention was to test more genotypes based on their 
response to Laudis. In addition, we used a narrower dose range than that used in 
Experiment 1, because doses above this range were always lethal, while doses below 
this range never showed any symptoms. In this way, the total number of entries was 
about the same, but more genotypes were tested with fewer tembotrione 
concentrations. 
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Laudis experiments 4-6 
Herbicide trials 4-6 aimed to test F1s, and thus, the heritability of herbicide 
tolerance. In these trials, inbred lines I159, Hix 4243, Hix 4283 (intolerant), B73 
(tolerant) and the F1s Hix4243/B73, I159/B73, P8/B73 and Hix4283/B73 were tested. 
The doses were 1/2x, 1/4x, 1/8x, 1/16x, and 1/32x of the original dose.  
 
Three independent herbicide trials with F1s between tembotrione-tolerant and 
-sensitive inbred lines were conducted. The dose range was from 1/2 to 1/32 of the 
original dose (11.7 [ml/ml]), with one control (no tembotrione treatment). The 
following genotypes were tested with five plants each per replication: B73 (tolerant), 
sensitive inbred lines Hix4243, I 114H, Hix4283, P8, B99; and F1 genotypes: P8/B73, 
B73/Hix4283, B73/B99, I 114H/B73, Hix4243/B73. The F1 between genotypes B73 
and I 114H was only tested once, as F1 seed was limited. The experimental design was 
a randomized complete block design (RCBD).  
 
Statistical analyses 
 SAS software (version 9.2 from the SAS Institute, 2012) was used for statistical 
analyses. We used ANOVA(analysis of variance) to test, whether there is any 
difference between lines, treatments and genotypes (p=0.05).  We combined data 
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from herbicide trials 1-3 for genotypes Ki3 and HiX4243 for statistical analysis (Table 
3). All experiments were set up in a randomized complete block design with three 
replications. Replications and genotypes were treated as random effects. Experiments 
and tissue treatments were considered fixed effects and were tested (α = 0.05) using 
the residual error in an analysis of variance.  
 
Results 
 
Validation of tembotrione sensitivity  
In the summer of 2009, herbicide damage in the field was observed after 
application of Laudis. In our greenhouse trials, we were able to confirm the sensitivity 
of most inbred lines that were damaged during summer 2009 (Table 4). An exception 
is genotype W117, which turned out to be tolerant to tembotrione in greenhouse trials, 
although damages were reported in the 2009 nursery. 
  
Sensitivity of inbred lines to tembotrione in greenhouse trials 
The lines Ki3, Hix4243, CML288, I 114H, W117, A188, Hix4283, B99, B135, 
R4, and I159 were sensitive to tembotrione. The lines FAP 1360, B73, PHZ51, and 
B47 were tolerant to tembotrione. In the initial herbicide trials (Experiments 1-3), 
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B217 and Ki3 responded with high sensitivity to low doses (1/16x) (Figure 3), 
whereas CML228 and Hix4283 showed bleaching at higher doses (1/2x) and were not 
completely damaged (Table 5). Differentiation between tolerant and sensitive 
genotypes was clearly possible at all doses, except at 1/16 of the original dose or less. 
Hix4243 showed an intermediate reaction with tolerance at lower doses but severe 
damage at higher doses (Figure 3). 
Symptoms were more severe on leaves that were in direct contact with Laudis. 
The results of Experiments 1 and 2 were similar (Tables 6, 7, and 8). Based on 
Experiments 1-3, the best differentiation of results was between 1/2 and 1/16 of the 
original concentration, which was used for further trials. 
 
Inheritance of tembotrione sensitivity 
In Experiments 4-6, the inbred lines I159, Hix 4243, Hix 4283 (sensitive), B73 
(tolerant), and the F1 genotypes Hix4243/B73, I159/B73, P8/B73, and Hix4283/B73 
were evaluated. The doses were 1/2, 1/4, 1/8, 1/16, and 1/32 of the original dose. 
Experiments 4-6 were not significantly different (no difference between trials), 
indicating that the herbicide trials were repeatable (Table 9). Treatments and 
genotypes were significantly different. The p value for treatment was 0.0001, and the 
p value for genotype was 0.0085. Interactions between treatment and genotype and 
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between leaf and genotype were not significant (Table 9). 
Thus, tolerant and sensitive genotypes can be clearly distinguished based on this 
Laudis assay. Genotype Ki3 was most sensitive and significantly different from other 
sensitive genotypes, such as Hix4243 (Tables 9 and 4), even though they are not 
distinguishable at 1/2 original dose, where they show clear damage (above 70%).  
The main purpose of Experiments 4-6 was to determine, whether tolerance to 
tembotrione was inherited in a dominant or recessive fashion. The parent line B73 is a 
tolerant line (did not show any damage), and was crossed with sensitive lines B99, P8, 
and Hix4243 to produce F1 hybrids. All F1 hybrids (B73/B99, B73/P8 Hix4283/B73, 
and Hix4243/B73) did not show any symptom (Table 4), and were not distinguishable 
in their reaction to tembotrione from B73. In conclusion, tembotrione tolerance - and 
not sensitivity - is dominant. 
 
Discussion 
 
In previous studies, tolerance to Laudis was reported to be dominantly inherited 
(Santel, 2009). However, all lines in the summer of 2009 that were crossed with B99 
showed signs of sensitivity. If the line sensitivity would have been dominant, all 
hybrids with those lines would be killed while the haploids should be tolerant and 
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survive. Thus, if B99 based sensitivity was dominantly inherited, it could be used for 
haploid selection.  
 F1 seedlings from crosses between herbicide tolerant (B73) and sensitive lines 
did not show any symptoms, even at the highest concentration applied (1/2 of original 
dose), whereas sensitive lines showed symptoms as expected (starting at 1/16 of the 
original dose). In our experiments, sensitivity against tembotrione was a recessive 
trait and is, therefore, not usable for the purpose of haploid selection. Because 
tolerance to tembotrione was dominant, either additional genotypes need to be 
evaluated to potentially identify a carrier of dominant sensitivity, or other herbicides 
need to be evaluated. 
New maize inbred lines and hybrids could be evaluated for sensitivity to 
herbicides. There are several reports of herbicides which injured maize – especially 
sweet corn (Williams et al., 2005). For some of the HPPD herbicides, sensitive 
hybrids were reported, so that sensitivity seems to be at least intermediate (Williams 
et al., 2005). For chlorsulfuron, intermediate inheritance was postulated (Williams et 
al., 2005). In most cases, herbicide sensitivity was due to a single recessive gene. A 
single recessive gene was solely responsible for the sensitivity of field and sweet corn 
to three sulfonylurea herbicides: nicosulfuron, primisulfuron, and thifensulfuron 
(Green and Ulrich 1993). Kang (1993) found that a single recessive gene caused 
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inheritance of sensitivity to nicosulfuronin in the field corn inbreds Mp313E and L688. 
Widstrom and Dowler (1995) found a single recessive gene that caused sensitivity to 
nicosulfuron in the field corn inbred Ab18. Bradshaw et al. (1994) observed that 
sensitivity of the field corn inbred GA209 to bentazon was either determined by a 
single recessive gene or by two recessive genes, ben1 and ben2. Fl hybrids from the 
cross of GA209 and bentazon-tolerant inbreds inherited bentazon tolerance but 
sustained some minor damage from bentazon treatment. The ben1 gene also governed 
sensitivity to nicosulfuron (Barrett et al., 1997). Green (1998) published data on the 
inbred F2, and mapped a gene for sensitivity to rimsulfuron (another sulfonylurea 
herbicide) to the short arm of chromosome 5 (Williams et al., 2005). No dominant 
sensitivity to any herbicide has yet been reported.  In most current research, 
herbicide sensitivity has been found to be caused by a single recessive gene. The 
sensitivity of field corn and sweet corn to three sulfonylurea herbicides, nicosulfuron, 
primisulfuron, and thifensulfuron, was caused by a single recessive gene (Green and 
Ulrich 1993). Kang (1993) reported that sensitivity to nicosulfuron in field corn 
inbreds Mp313E and L688 was inherited as a single recessive gene, which was 
designated as1. Widstrom and Dowler (1995) observed that sensitivity to nicosulfuron 
was caused by a single recessive gene in field corn inbred Ab18. Moreno et al. (1999) 
used maize B-A translocation stocks to map the nsf1 gene to the short arm of 
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chromosome 7. Bradshaw et al. (1995) observed that sensitivity of field corn inbred 
GA209 to bentazon was controlled by two recessive genes, ben1 and ben2. Fl hybrids 
from crosses of GA209 and bentazon-tolerant inbreds were tolerant despite of minor 
injury. The ben1 gene also caused sensitivity to nicosulfuron (Barrett et al. 1997). 
Green (1998) mapped a gene for sensitivity to another sulfonylurea herbicide, 
rimsulfuron, to the short arm of chromosome 5 (Williams et al., 2005). No dominant 
sensitivity to any herbicide has been reported so far in maize. 
 F1 hybrids between B99 and other lines were reported to be sensitive to the 
herbicide nicosulfuron, indicating that the respective sensitivity might be a dominant 
trait (Hallauer et al., 1988). Therefore, we evaluated the herbicide nicosulfuron as 
potential tool for discriminating haploid and diploid kernels (Chapter 3). 
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Figure 1: Spray chamber for herbicide application. Trays were put into the chamber 
and a moving sprayer applied the herbicide solution, simulating the application 
situation in the field. 
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Figure 2: Sensitive genotype Ki3 10 days after treatment with 1/2 of the dose applied 
in the field.  
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Figure 3: Graphic view of herbicide test results for selected sensitive inbred lines. 
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Table 1: Different herbicides for application in maize. The table shows which group each herbicide belongs to, genetic control, mode of 
selectivity in tolerant plants, and information on prior research. 
Herbicide Family 
Genetic 
Control  
Mode of Selectivity 
in Tolerant Plants 
Sensitive 
lines 
Reference Assay 
Primisulfuron Sulfonylurea 
dominant 
tolerance, 1 
gene 
different speed of 
metabolization of 
active ingredient 
4N5 
Harms et al. 
1990 
  
Chlorsulfuron Sulfonylurea  intermediate   B73, B79 
Landi et al. 
1989 
measure reduction of 
root length in growth 
chamber 
experiments 
Rimsulfuron Sulfonylurea  
single recessive 
gene for 
sensitivity, chr5 
    
Green and 
Ulrich 1994 
37  Zea inbreds and 
respective hybrids 
studied, up to 
40000-fold dose- 
response material 
variation 
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Table 1. (continued) 
Herbicide Family 
Genetic 
Control  
Mode of Selectivity 
in Tolerant Plants 
Sensitive 
lines 
Reference Assay 
Nicolsulfuron Sulfonylurea  
single recessive 
gene for 
sensitivity, 
nsf1, Chr 7 
  
Mp313E, 
L688 
Kang 1993   
Mesotrione 
4-hydroxyphenyl 
-pyruvate 
-dioxygenase 
(HPPD) 
not determined     
Masiunas et 
al. 2004 
testing of 150 sweet 
corn cultivars, 
revealed 105 
intolerants 
Mesotrione HPPD 
single recessive 
gene for 
sensitivity 
    
Williams et 
al. 2005 
field tests 
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Table 1. (continued) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Herbicide Family 
Genetic 
Control  
Mode of Selectivity 
in Tolerant Plants 
Sensitive 
lines 
Reference Assay 
Nicolsulfuron  Sulfonylurea  
single recessive 
gene for 
sensitivity 
  Ab18 
Widstrom 
and Dowler 
1995 
  
Bentazon  Thiadiazine 
1-2 recessive 
genes for 
sensitivity, 
ben1 and ben2 
  GA209 
Bradshaw et 
al. 1994 
  
Mesotrione HPPD     
Hybrids:  
Merit, 
Dynamo 
    
Topramezone HPPD     
Bollman et al. 
2008 
field tests 
Tembotrione HPPD         
Foramsulfuron  Sulfonylurea  
single recessive 
gene 
  
Cr1 (sweet 
corn) 
Pataky et al. 
2008 
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Table 1. (continued) 
 
 
Herbicide Family 
Genetic 
Control  
Mode of Selectivity 
in Tolerant Plants 
Sensitive 
lines 
Reference Assay 
Primisulfuron Sulfonylurea   single recessive 
gene 
  Cr1 (sweet 
corn) 
Pataky et al. 
2008 
  
Rimsulfuron  Sulfonylurea      
Tembotrione HPPD 
single recessive 
gene for 
sensitivity 
  
Hybrids:  
Merit, 
DMC20-38, 
Shogun, 
177A, HMX 
6386 S, XTH 
3175 
Williams and 
Pataky 2010 
field tests 
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Table 2: Different treatments applied to seedlings at the 2-3 leaf stage given as multiples of the original in the field applied dose of Laudis.  
  Laudis  Tembotrione*  Isoxadifen-ethyl** Fertilizer*** MSO**** 
Treatment [ml/100ml] [µg/100ml] [µg/100ml] [ml/100ml] [ml/100ml] 
No treatment 0 0 0 0 0 
Fertilizer+MSO only 0 0 0 1.82 0.78 
1/32 of original dose 
+fertilizer+MSO 0.0037 1.25 0.7 1.82 0.78 
1/16 of original dose 
+fertilizer+MSO 0.0073 2.5 1.3 1.82 0.78 
1/8 of original dose+fertilizer+MSO 0.0143 4.9 2.5 1.82 0.78 
1/4 of original dose+fertilizer+MSO 0.0293 10.1 5 1.82 0.78 
1/2 of original dose+fertilizer+MSO 0.0585 20.1 10.1 1.82 0.78 
original dose+fertilizer+MSO 0.117 40.2 20.1 1.82 0.78 
2x original dose+fertilizer+MSO 0.234 80.5 40.2 1.82 0.78 
(*active ingredient of Laudis (AE0172747), ** safener (AEF122006), *** 40.1% Ammonium Nitrate, 30% Urea, 29.9% water, **** methylated 
seed oil).
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Table 3: Mean values of damaged leaf area across Experiments 1-3 for the two 
genotypes Ki3 and HiX4243. The doses are 1/2, 1/4, 1/8, and 1/16 of the original 
dosage. 
Trial 
Ki 
(yl)* 
HiX 4243 
(yl) 
Ki 
(2yl) 
HiX 4243 
(2yl) 
1/2x 1-3 95 80 85 70 
1/4x 1-3 50 30 70 50 
1/8x 1-3 30 20 50 30 
1/16x 1-3 20 10 30 10 
control 1-3 0 0 0 0 
*(yl = youngest leaf, 2yl=second youngest leaf). 
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Table 4: Damaged leaf area results of Experiments 4-6. Herbicide trials 4-6 were 
performed (1) to find the optimal range of concentrations for discrimination between 
sensitive and resistant genotypes. B73 is tembotrione tolerant. F1 hybrids with B73 
(B73/B99, B73/P8, Hix4283/B73, Hix4243/B73) were tolerant to tembotrione.  
 B73 B99 B73/B99 P8 B73/P8 Hix4283 Hix4283/B73 Hix4243 Hix4243/B73 
1/32 0 0 0 0 0 0 0 0 0 
1/16 0 0 0 0 0 0 0 0 0 
1/8 0 0 0 40 0 20 0 30 0 
1/4 0 20 0 50 0 40 0 40 0 
1/2 0 40 0 60 0 50 0 50 0 
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Table 5: Mean percentages of discolored leaf area on the youngest (yl) and second youngest (2yl) leaves  
of herbicide treated plants in Experiment 3. 
    Color change in leaves (% white) 
Dose   Ki3 HiX4243 P8 R4 A188 CML228 Il14H B217 HiX4283 
1/2x Yl 100 100 20 100 80 30 80 100 50 
2yl 90 70 30 80 80 30 50 80 80 
1/4x Yl 50 60 50 100 30 20 50 100 60 
2yl 80 80 80 90 50 30 70 90 80 
1/8x Yl 20 0 0 20 0 0 0 50 0 
2yl 60 0 30 60 0 0 10 70 0 
1/16x Yl 30 0 10 0 20 0 10 30 0 
2yl 50 0 10 0 40 0 10 50 0 
control Yl 0 0 0 0 0 0 0 0 0 
  2yl 0 0 0 0 0 0 0 0 0 
2nd Youngest: 2yl (direct contact with herbicide) 
Youngest leaf : yl (not in direct contact with herbicide) 
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Table 6: Percentage of discolored leaf area on the youngest and second youngest 
leaves of herbicide treated plants in Experiment 1. The scoring is average over all five 
plants in each replication. 
    
  Color change in leaves (%white)   
Dose   Ki3 
HiX 
4243 PHZ51 
B73 x 
Inducer B47 
2x yl 100 90 0 0 0 
2yl 90 90 0 0 0 
1x yl 100 90 0 0 0 
2yl 90 80 0 0 0 
1/2x yl 90 90 0 0 0 
2yl 80 80 0 0 0 
1/4x yl 50 30 0 0 0 
2yl 80 50 0 0 0 
1/8x yl 30 10 0 0 0 
2yl 60 50 0 0 0 
1/16x yl 0 0 0 0 0 
2yl 50 20 0 0 0 
control yl 0 0 0 0 0 
  2yl 0 0 0 0 0 
2nd Youngest: 2yl (direct contact with herbicide) 
Youngest leaf: yl (not direct contact with herbicide) 
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Table 7: Mean percentage of discolored leaf area on the youngest and second 
youngest leaves of herbicide treated plants in Experiment 2. 
      Color change in leaves (% white)    
Dose   Ki3 
HiX 
4243 PHZ51 
B73 x 
Inducer B47 
1x yl 100 100 0 0 0 
2yl 80 70 0 0 0 
1/2x yl 100 80 0 0 0 
2yl 80 50 0 0 0 
1/4x yl 50 10 0 0 0 
2yl 80 30 0 0 0 
1/8x yl 50 50 0 0 0 
2yl 50 30 0 0 0 
1/16x yl 50 30 0 0 0 
2yl 30 10 0 0 0 
control yl 0 30 0 0 0 
  2yl 0 10 0 0 0 
2nd youngest: 2yl (direct contact with herbicide) 
Youngest leaf: yl (not direct contact with herbicide) 
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Table 8: Results for variance analysis of Experiments 1-3.  
Source DF Type 1 SS Mean 
square 
F value Pr> F 
      
Trial 2 303.33 151.66 0.53 0.59 
Treatment 4 47316.66 11829.16 41.36 <0.0001 
Genotype 1 2160.00 2160.00 7.55 0.0085 
trt*gen 4 1423.33 355.83 1.24 0.30 
Leaf 1 106.66 106.66 0.37 0.54 
gen*leaf 1 166.66 166.66 0.58 0.44 
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 Table 9: Results for variance analysis of Experiments 4-6. 
Source DF Type 1 SS Mean 
square 
F Value Pr>F 
Trt 4 72300.0 18075.0 135.97 <0.0001 
Gen 8 16020.0 2002.5 15.06 <0.0001 
Leaf 1 751.1 751.1 5.65 0.0219 
Trt*gen 32 16280.0 508.8 3.83 <0.0001 
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CHAPTER 3: EVALUATION OF HERBICIDE NICOSULFURON AS A TOOL 
FOR DISCRIMINATING HAPLOID AND DIPLOID SEEDLINGS 
 
Introduction 
 
F1 hybrids between B99 and other lines were reported to be sensitive to the 
herbicide nicosulfuron, indicating that nicosulfuron sensitivity might be a dominant 
trait (A.R. Hallauer, 2011, personal communication). In previous studies, herbicide 
sensitivity to nicosulfuron was assessed by measuring herbicide metabolism data, or 
the amount of herbicide remaining in the plant after a certain period of time (Hinz et 
al., 1996).  
 Accent, a selective post-emergence grass herbicide, is recommended for use with 
field corn and certain sweet corn hybrids (DuPont™ Accent® herbicide, 2012). 
Accent provides good control of grasses, broadleaf weed, and other tough weeds, such 
as foxtails, morning glory, sandbur, barnyardgrass, and fall panicum. The active 
ingredient in Accent is nicosulfuron. Nicosulfuron is a sulfonylurea herbicide in maize. 
Nicosulfuron can be used to control a broad variety of weeds that includes many 
annual and perennial species (Meyer et al., 2010). Nicosulfuron is a systemic 
selective herbicide that provides inter-genera selectivity (Murai et al., 1991). 
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Inter-genera selectivity means that it is an effective tool for killing other plants that 
grow near maize, including grasses that are closely related to maize. This selectivity is 
achieved through the ability of maize plants to metabolize nicosulfuron into 
less-harmful compounds. Nicosulfuron inhibits the acetolactate synthase activity, an 
enzyme which is needed for the production of amino acids essential to plant growth. 
Nicosulfuron application can cause death of sensitive plants within a period of twenty 
to twenty-five days. It is effective at controlling post-emergent weeds, including 
perennial and annual grass weeds, sedges, and broad-leaved weeds. This compound is 
simple to apply and has no significant accumulation in the soil (Cornell Extonet, 
1996). 
The objectives of the herbicide trials with nicosulfuron were, to (1) evaluate, 
whether F1 hybrids between B99 and other lines showed sensitivity to nicosulfuron 
(thus supporting dominance of sensitivity), and (2) to determine, whether it is possible 
to observe symptoms at nonlethal concentrations while still recovering plants for 
breeding purposes. 
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Materials and Methods 
 
Plant materials 
The inbred lines B73, B99, Hix4243, and P8 were used for our nicosulfuron 
Experiment 1. In Experiment 2, we included besides the inbred lines B73, Hix4243, 
B99, and P8 hybrids Hix4243/B73, Hix4243/P8, and B73/B99. Seed containing 
haploid embryos using RWS x RWK-76 were induced from the inbred line B73. 
 
Treatments 
Herbicide applications were conducted in a spray chamber in the Weed Science 
greenhouse at Iowa State University, Ames, IA. Plants were scored after 10 days by 
evaluating their appearance using a 1-5 scale (Figure 1). In a preliminary test, 
different concentrations of Accent were applied. As with Laudis, five different 
concentrations were applied: 1-fold (normal application in the field), 1/2, 1/4-, 1/8-, 
and 1/16-fold. One untreated control was included. Additives like fertilizer and/or 
MSO were included as needed, and a control sprayed with additives only. 
 
Experiment 1: Inbred lines B73, Hix4243, B99, and P8 were evaluated for 
nicosulfuron tolerance. The doses were 1x original dose (dose+fertilizer+MSO),1/2, 
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1/4, 1/8, 1/32 and control (only fertilizer and MSO). 
The experimental unit was a single plant. The experiment was set up in a 
randomized complete block design with three replications. Each replication was 
placed in another location in the greenhouse area. Each replication consisted of six 
trays for six different treatments (the five herbicide concentrations and one control). 
For all three replications, the herbicide trial was conducted in order of increasing 
concentration, beginning with the lowest concentration. If there were additives in the 
mix, the control plants were sprayed with additives only. Plants with nonlethal 
damage were grown to maturity, to evaluate whether they could develop a tassel and 
an ear. The purpose of the 1/32 treatment was to test whether it is possible to observe 
symptoms, while still recovering plants for later breeding purposes.  
 
Experiment 2 was performed to test F1 hybrids between nicosulfuron tolerant and 
sensitive lines, to determine the mode of dominance of sensitivity. We included 
besides inbred lines B73, Hix4243, B99, and P8, hybrids Hix4243/B73, Hix4243/P8, 
and B73/B99. The doses were 1x original dose (dose+fertilizer+MSO), 1/2,1/4, and 
1/8 x original dose. Three replications were used in this trial.   
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Scoring 
The scoring scale used to score symptoms caused by nicosulfuron ranged from 1 
to 5 (Figure 1). A score of 1 meant that the plant was undamaged. A score of 2 meant 
stunted growth, in which plants were shorter than healthy plants and began to show 
symptoms. 3 meant stunted growth with minor chlorosis and / or accumulation of 
anthocyanin. A score of 4 meant stunted growth with severe chlorosis and 
accumulation of anthocyanin; 5 meant that the plant was almost or entirely dead. 
 
Statistical analyses 
SAS software was used to perform statistical analysis. We used ANOVA 
(analysis of variance) to test, whether there is any difference between lines and trays 
(p=0.05). The experiment was set up in a randomized complete block design with 
three replications. All of the data was analyzed using this configuration Replications 
and genotypes were treated as random effects. Experiments and tissue treatments were 
considered fixed effects and were tested (α = 0.05) using the residual error in an 
analysis of variance.  
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Results 
 
Experiment 1 
B73 was tolerant to nicosulfuron and did not show any symptoms or damage, 
while B99, Hix4243, P8 were damaged by nicosulfuron treatment (Figures 2 and 3, 
Table 1). B99 and P8 showed symptoms (stunted growth with minor chlorosis and 
accumulation of anthocyanin) at higher doses and were not completely damaged at 
low doses (Figure 4). Hix4243 was sensitive, and showed stunted growth with severe 
chlorosis and accumulation of anthocyanin. 
 
Experiment 2 
B73 was tolerant and B99 sensitive to nicosulfuron. The F1 between B73 and 
B99 was tolerant to nicosulfuron. Thus tolerance of B73 to nicosulfuron appears to be 
dominant. Other F1s with highly sensitive line Hix4243 (Hix4243/B73, Hix4243/P8, 
B73/B99) did not show any symptoms and were not damaged (Table 2). Experiments 
were not significantly different (Table 3), indicating that the herbicide trials were 
repeatable. Treatments and genotypes were significantly different ( p<0.0001) (Table 
3).The p value for treatment was significant (0.0001), as was the p value for genotype 
(0.0085). 
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Discussion 
 
This herbicide trial was performed to test the hypothesis that B99 has a dominant 
sensitivity to the herbicide nicosulfuron. The genotype B99 was confirmed to be 
sensitive to nicosulfuron. However, F1s between B99 and nicosulfuron-tolerant lines 
were all nicosulfuron-tolerant. Therefore, nicosulfuron sensitivity, at least for the 
limited number of lines tested, was recessively inherited and not suited for our 
purpose of haploid selection. In conclusion, neither tembotrione, nor 
nicosulfuron-based herbicides are useful for the purpose of haploid selection. 
Future research might be performed to identify other herbicides, to which 
dominant sensitivities may exist. In addition, by broadening the germplasm studied, 
potentially dominant sensitivities could yet be found for tembotrione and 
nicosulfuron.  
Primisulfuron, another sulfonylurea herbicide, shows potential as a possible 
avenue of further research into a potential dominant tolerance, as its mechanism has a 
different speed of metabolization (Harms et al., 1990). No dominant tolerances have 
been found in testing of other herbicides, including chlorsulfuron, rimsulfuron, 
mesotrione and nicolsulfuron (Dastgheib et al., 1993). In case herbicides turn out not 
to be useful for selecting haploids, there are other alternative markers that can be 
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considered for haploid selection. Examples include red root marker, high oil content, 
or transgenic markers such as green fluorescence, which is used by Pioneer in hybrid 
seed production (Zhu et al., 1999). A potential sorting process based on high oil 
content would require a donor with a low oil content and an inducer with a high oil 
content (Zheng et al., 2008). Hybrids between donor and inducer would have a higher 
oil content than haploids, which could then be used as the basis of automated sorting 
procedures. In addition, fluorescent proteins can be used as visual selection markers 
for haploid seed identification. Green Fluorescence Protein (GFP) could be used for 
machine sorting. If the inducer carried GFP, the hybrid would then be fluorescing, not 
haploids. GFP markers show the most promise as a way forward in haploid selection. 
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Figure 1: Typical symptoms caused by nicosulfuron.
1 - Undamaged 
2 - Stunted growth 
3 - Stunted growth and minor chlorosis and/or accumulation of anthocyanine
4 - Stunted growth and severe chlorosis and/or accumulation of 
5 - Stunted growth, almost dead plant
 
 
 
 
 
 
anthocyanine 
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Figure 2: Herbicide trial with nicosulfuron: parents and F1s. The lines B99, Hix4243, 
and P8 are sensitive to herbicide Accent and show damage. Their F1s with B73 are 
tolerant to Accent and show no damage. 
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Figure 3: Herbicide trial with nicosulfuron: the damage between control and different 
doses of Accent. The lines B99, Hix4243, and P8 are sensitive to herbicide Accent. 
The higher the doses are, the more damaged the plants become. 
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Figure 4: Response of B99 to nicosulfuron. The plants on the left side are untreated 
controls of B99. The other plants were treated with 1/8x, 1/4x, 1/2x, and 1x of the 
original dose, respectively. 
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Table 1: The scoring results for inbred lines B73, B99, HIX4243 and P8 after treating 
with different doses of Accent.  
(see Figure 1 above for scoring system) 1x is the original dose of the herbicide 
Accent. 
 B73 B99 Hix4243 P8 
1x 1 3 4 3 
1/2x 1 3 4 3 
1/4x 1 3 3 2 
1/8x 1 2 3 2 
1/16x 1 2 2 2 
Control 1 2 1 1 
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Table 2: The scoring results for comparison of inbred lines and F1 after treating with 
different doses of Accent (see Figure 1 above for scoring system). 1x is the original 
dose of the herbicide Accent. 
 B73 B99 Hix4243 P8 Hix4243/B73 Hix4243/P8 B73/B99 
1x 1 4 4 3 1 1 1 
1/2x 1 4 3 3 1 1 1 
1/4x 1 3 2 2 1 1 1 
1/8x 1 1 2 2 1 1 1 
Control 1 1 1 1 1 1 1 
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Table 3: Variance analysis for Experiment 2. 
Source DF Type 1 SS Mean square F Value Pr>F 
Trt 4 72300.0 18075.0 135.97 <0.0001 
Gen 6 16020.0 2002.50 15.06 <0.0001 
Trt*gen 24 16280.0 508.8 3.83 <0.0001 
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CHAPTER 4: SELECTION OF HAPLOID MAIZE KERNELS FROM 
HYBRID KERNELS FOR PLANT BREEDING USING NEAR-INFRARED 
SPECTROSCOPY AND SIMCA ANALYSIS 
A paper published in Applied Spectroscopy 
Roger W. Jones, Tonu Reinot, Ursula K. Frei, Yichia Tseng, 
Thomas Lübberstedt, and John F. McClelland 
 
Abstract 
 Samples of haploid and hybrid seed from three different maize donor genotypes 
after maternal haploid induction were used to test the capability of automated 
near-infrared transmission spectroscopy to individually differentiate haploid from 
hybrid seeds.  Using a two-step chemometric analysis  in which the seeds were first 
classified according to genotype and then the haploid or hybrid status was determined 
proved the most successful approach.  This approach allowed 11 of 13 haploid and 
25 of 25 hybrid kernels to be correctly identified from a mixture that included seeds 
of all the genotypes. 
 
Index Headings 
 Near-infrared spectroscopy; NIR spectroscopy; Corn; Maize; Haploid selection; 
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Partial least squares; PLS; Single kernel analysis; Soft independent modeling of class 
analogy; SIMCA. 
 
Introduction 
 Determination of phenotypical traits is a necessary step in the selective breeding 
process used to create improved plant varieties.  Each generation of seed produced in 
the selective breeding process needs to be examined so that only the seed having the 
most promising properties is chosen for propagation.  The difficulty is in finding an 
analytical technique that can examine the seed rapidly but accurately enough to allow 
a meaningful selection of the superior seed within the short time period between the 
harvesting of one generation and the planting of the next.  The most selective 
technique would be one that examines each seed individually, but that requires a 
technique that can determine the properties of interest very quickly without destroying 
the seed. 
 Diploid maize is typically cultivated as F1 hybrids, generated by crossing two 
highly homozygous inbred lines from different genetic pools.  Recently doubled 
haploid lines have become an important breeding tool in maize breeding.  Traditional 
homozygous line development in maize takes at least five to six generations of selfing 
heterozygous materials, whereas maternal induction of haploids and subsequent 
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doubling and selfing can achieve this goal with two generations.   
 Single ears from two synthetic populations (P1 and P2) pollinated with the 
haploid inducing genotype were selected for haploid and hybrid seed, based on the 
expression of the R1-nj marker allele.  For the experiments here, seed from three 
different donor genotypes (P1-102, P1-103, and P2-20) were chosen, as they had at 
least 20 haploid seeds per cob.  The study included a total of 364 kernels, consisting 
of 81 P1-102 kernels (22 haploid, 59 hybrid) 83 P1-103 kernels (23 haploid, 60 hybrid) 
and 100 P2-20 kernels (33 haploid, 67 hybrid.)   
 The identity of haploid seed is determined by the expression of the dominant 
marker gene R1-nj, which leads to a colored embryo in the hybrid versus an uncolored 
embryo in haploid seed.  Visual inspection was used to determine haploid and hybrid 
status, even though this manual selection of seeds is time consuming and especially 
error prone in genetic backgrounds with colored seed.  In our most recent planting of 
P1 and P2 kernels, 15% of the P1 plants were off type, and 0.6% of the P2 plants were 
off type.  The donor population P1 has a high percentage of colored cobs, which 
makes visual selection difficulty.  For the present study, P1 kernels were selected 
only from uncolored cobs to avoid the high incidence of off types.  Currently, the 
process of haploid selection in maize is based on one-by-one, visual (human) 
inspection of kernels, and plant breeding programs often require the inspection of 
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hundreds of thousands of kernels, so an automated, spectroscopic procedure would be 
a leap forward.  In addition, it would greatly reduce costs, and potentially enable 
screening more kernels in the short time window between harvest in September an 
winter nursery planting end of October. 
 Near infrared (NIR) spectroscopy is routinely used for determining the 
composition of bulk grain.1  There has been increasing interest in applying NIR 
spectroscopy to the composition analysis of individual seeds.  NIR spectroscopy has 
been used to determine moisture level,2 total oil,3-7 total protein,4,5 and total starch4,5 
in individual, intact maize kernels.  It has also been used to measure specific fatty 
acids in individual seeds of maize and other grains7,8 and to categorize individual 
maize kernels according to the presence of toxins.9,10  Determining 
composition-related functional characteristics, such as potential ethanol yield,11 has 
also been demonstrated.  These studies have involved both transmission2-4,9,10 and 
reflection4-7,9-11 spectroscopy.  The reported reflection spectra extend deeper into the 
NIR range than the transmission spectra, usually reaching 1700 nm.4,6,7,9,10  
Reflection, however, interrogates only the surface region of the kernel and only the 
region struck by the NIR beam, while diffuse transmission examines most of the bulk 
of the kernel.  Some of the reflection-based studies have partly compensated for this 
by tumbling or dropping the kernels during analysis so as to view a larger portion of 
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the kernel.5,6,11  This paper examines using NIR transmission spectroscopy to select 
haploid from hybrid maize kernels after maternal haploid induction.  Because it is 
known that the haploid nature of a kernel is reflected in its embryo, we have chosen to 
use transmission spectroscopy, with its ability to examine the bulk of the kernel.  
This also avoids the complication of instituting some method of moving the kernels 
during analysis to improve the quality of the examination.  In addition, we have been 
able to extend the transmission analysis to 1700 nm, removing the spectral-range 
advantage of reflection spectroscopy. 
 
 
Experimental 
 Seeds were equilibrated to 8% moisture and vacuum cleaned prior to 
spectroscopic measurements with an automated, in house-built, seed-screening system. 
Seeds were fed from a hopper with a vibratory feeder to a rotating drum which picked 
up single seeds by vacuum, rotated them sequentially to a position where a NIR light 
beam was transmitted through the seed in order to sample the whole seed volume.  
The transmitted light was collected into a fiber optic cable and transmitted to a 
Carl-Zeiss NIR spectrometer (Model MCS-611 NIR).  Five spectra were averaged to 
produce the final spectrum for each kernel.  Between each of the five spectra, the 
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kernel was shaken to reposition it so that successive spectra were acquired from 
different vantage points.  The shaking was not strong enough to flip a kernel over.  
The time to acquire each spectrum was some multiple of 50 ms that depended on the 
transparency of the kernel, which was evaluated by a 1 ms illumination prior to the 
spectrum acquisition.  Transparency of the kernels varied by a factor of 15. Spectrum 
acquisition time was lengthened as kernel transmission decreased so that the resulting 
spectra were all within a factor of two of the same strength. The time to acquire all 
five spectra for a kernel typically took 1.0 to 1.3 min. The spectra were converted to 
absorption prior to modeling, and the full 943-1707 cm-1 range of the spectra was 
used in the modeling. 
 Soft Independent Modeling of Class Analogy (SIMCA)12-14 was used to define 
both the genotypes and the haploid and hybrid classes according to their spectra.  
The SIMCA module in Pirouette (Pirouette Version 3.2; Infometrix, Woodinville, WA) 
was used for this purpose. For purposes of the SIMCA modeling, six sevenths of these 
were used as the training sets for building the models, and the remaining one seventh 
of the samples, which were chosen randomly, were reserved as unknowns for testing 
the models. Various pretreatments to the spectra (i.e., mean centering, variance scaling, 
autoscaling, multiplicative scatter correction, standard normal variate, and second 
derivatives) were tested for every analysis discussed below.  The particular 
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pretreatments listed for each analysis are those that gave the best results. In most 
cases, the number of factors determined by Pirouette as optimum was the number 
used for the analysis.  Only when defining the haploid class for the P1-102 and 
P2-20 genotypes was the number of factors increased above the software-selected 
number (by two for P1-102 and by one for P2-20).  These increases were made 
based on the test of whether all training-set spectra were correctly classified.  
Classification of the unknowns was not used as a guide in determining the number of 
factors to be used. 
 
 
Results and Discussion 
 Figure 1 shows typical spectra of whole kernels.  There is very little difference 
between the spectra of the haploid and hybrid kernels or among the spectra of the 
three different genotypes.  SIMCA or some other chemometric method is required to 
classify the kernels according to their spectra. 
 It was found that SIMCA could not produce a completely successful 
haploid/hybrid classification for all three genotypes simultaneously.  It was 
necessary to separate the genotypes before making the haploid/hybrid classification.  
The model for this used variance scaling and multiplicative scatter correction (MSC) 
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pretreatment.15  The model used 20, 15, and 15 factors to define the P2-20, P1-102, 
and P1-103 classes, respectively.  The class-distance plot for the training set is 
shown in Figure 2.  The P2-20 genotype is well separated from both P1 genotypes.  
By contrast, the separation between the two P1 genotypes is much smaller (although 
visually enlarged somewhat in the plot by the use of log scales), showing that they are 
much more similar to one another.  This is in accordance with the fact that the two 
P1 genotypes originate from the same synthetic population and are genetically closely 
related.  Nevertheless, the separation into genotypes is fully successful.  The model 
places each spectrum into the class for which it has the smallest class distance, and 
that classification is fully correct for the training set.  Figure 3 shows the 
corresponding plot for the set of unknowns.  Again the separation between P2-20 
and the others is quite large compared to the separation between P1-102 and P1-103, 
but all of the spectra fall into their correct class. 
 Once the spectra were classified into their separate genotypes, separate models 
were generated for each genotype that partitioned the kernels into haploid and hybrid 
classes.  The P2-20 genotype proved relatively simple to separate into haploid and 
hybrid classes.  The best model for P2-20 successfully separated all kernels correctly 
for both the training and unknowns sets.  The model used variance scaling 
pretreatment and required 13 and 16 factors to define the haploid and hybrid classes.  
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Figure 4 shows the class distance plot for the P2-20 genotype training-set members, 
and Figure 5 shows the class distance plot of the P2-20 unknowns.  The diagonal line 
in each figure (corresponding to x = y) is the border between the haploid and hybrid 
classes, and all P2-20 spectra fall on the correct sides of those lines. 
  
The model for the P1-103 genotype also successfully separated all training-set 
samples and unknowns correctly into haploid and hybrid classes. Figures 5 and 6 
show the class– 
distance plots for the unknowns and training set, respectively. The model used mean 
centering, MSC, and 17-point Savitzky–Golay second-derivative pretreatment on the 
spectra and 
required 10 and 15 factors for the haploid and hybrid classes, respectively.  
 
Modeling for the P1-102 genotype was not as successful. The best model correctly 
separated all training-set members, but two of the four haploid members of the 
unknowns set fell within the hybrid class range, as shown in Figs. 5 and 7. Alarger 
training set might improve the classification quality. The model used mean centering 
and 15-point Savitzky–Golay second-derivative pretreatment, with 10 and 12 factors 
for the haploid and hybrid classes, respectively. 
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Conclusion 
Despite the problem with the P1-102 haploids, SIMCA modeling of NIR spectra 
appears to be a successful method of differentiating haploid and hybrid maize kernels. 
All of the kernels could be assigned to their proper genotype, and once that was done, 
all training-set kernels could be assigned to the correct haploid/hybrid class, as were 
all 25 hybrid and 11 of the 13 haploid kernels used in the unknowns sets for the 
various genotype-specific models. Future work is planned to test this screening 
method on a wider range of genotypes, to determine how small the number of 
calibration seeds used can be, and to increase the instrumental throughput. 
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Figure Captions 
Figure 1.  Representative spectra of individual, intact corn kernels.  The spectra are 
offset vertically for clarity but are otherwise on the same vertical scale. 
Figure 2.  Class-distance plot for separating the training-set spectra into their 
respective genotypes.  The SIMCA model grouped all spectra in the correct 
genotype. 
Figure 3.  Class-distance plot for separating the spectra of the unknowns into their 
respective genotypes.  The SIMCA model grouped all spectra with the 
correct genotype. 
Figure 4.  Class-distance plot for separating haploid and hybrid training-set spectra 
for the P2-20 genotype.  All samples are on the correct side of the diagonal 
line separating the two classes. 
Figure 5.  Separation of the unknown spectra according to haploid versus hybrid 
status by the three genotype-specific SIMCA models.  Two P1-102 haploids 
are misclassed (solid blue circles below the diagonal line separating classes). 
Figure 6.  Class-distance plot for separating haploid and hybrid training-set spectra 
of the P1-103 genotype.  All samples are on the correct side of the diagonal 
line separating classes. 
Figure 7.  Class-distance plot for separating haploid and hybrid training-set spectra 
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of the P1-102 genotype.  All samples are on the correct side of the diagonal 
line separating classes. 
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Figure 4 
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Figure 6 
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Figure 7 
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CHAPTER 5: GENETIC ANALYSIS OF NICOSULFURON HERBICIDE 
TOLERANCE 
 
Introduction 
 
In parallel with the herbicide trials with tembotrione and nicosulfuron, herbicide 
tolerance genes were mapped in order to determine the position of respective genes, 
and to potentially make DNA markers available for marker-assisted introgression of 
respective genes into novel inducer genotypes. Our assumption, as for other herbicide 
tolerances, was that this trait is simply inherited (monogenic). 
The distribution of F2 family segregation of response to nicosulfuron and 
mesotrione followed a 1 : 2 : 1 distribution pattern, as would be expected from a 
sensitivity governed by a single gene with intermediate inheritance (if dominant, the 
pattern would be 3:1). An increasing amount of evidence shows that sensitivity of 
maize to many P450-metabolized herbicides is regulated by either a single gene or 
else a small group of closely related genes on the short arm of chromosome 5 (Nordby 
et al., 2008). For this reason, we selected ten different markers (alt4, umc1155, 
umc1365, umc2036, dupssrl, bnlg1382, ben1, mmp154, IDP6013, Hxa102, IDP8647 
and TMR40) (Table 1) located on chromosome 5, to determine whether tolerance to 
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tembotrione and nicosulfuron was located in this region (Figure 1). 
The objectives of the research described in this chapter were to determine the 
position of respective genes, and to potentially make DNA markers available for 
marker-assisted introgression of respective genes into novel inducer genotypes. 
 
Materials and Methods 
 
For our mapping studies, F2 plants from the cross of B73 and B99 were produced. 
We used 90 samples, including B73, B99, their F1 and F2. Leaves of all genotypes 
were harvested in the Agronomy greenhouse for CTAB DNA extraction (Doyle and 
Doyle, 1987). We selected ten different markers (alt4, umc1155, umc1365, umc2036, 
dupssrl, bnlg1382, ben1, mmp154, IDP6013, Hxa102, IDP8647, and TMR40) (Table 
1) located on chromosome 5. We tested those markers for polymorphism between B73 
and B99 using polymerase chain reaction (PCR) and gel electrophoresis.  
For the PCR program, the first step is DNA denaturation. The denaturing step 
required a temperature of 95C for 2 minutes. The following annealing step required 
53C for 30 seconds. The extension step required 72C for 1 minute. After that, we 
proceeded to step one and repeated those three steps for 29 cycles. The final step was 
to hold the reaction at 4C. We assembled a master mix for the PCR reaction with 2 µl 
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DNA, 1 µl forward primer, 1 µl reverse primer, 0.5 µl Taq polymerase, 8 µl ddH2O 
and 12.5 µl 2x Buffer E ( Bioline, United States). Taq DNA polymerase (Bioline, 
United States) was used at a final concentration of 25 units/ml (1.25 units/50 μl 
reaction).  
Gel electrophoresis was used to separate DNA fragments by size. We included 
a molecular size marker to estimate lengths of DNA fragments.All samples (B73, B99, 
F1, and F2 genotypes) were sprayed with the herbicide Accent. Two weeks after 
spraying, damage was readily apparent from the appearance of plants. Herbicide 
tolerance was reliably evaluated of those genotypes prior to marker analysis. 
We used Chi-Square tests to establish linkage between DNA markers and a 
putative major gene for herbicide tolerance. The Chi-Square test is a commonly-used 
statistical test that compares observed data with data predicted by a hypothesis 
(namely a single herbicide tolerance gene segregating in our population). 
Subsequently, we performed linkage analysis between a herbicide tolerance locus and 
molecular markers, as well as between molecular markers, using the Haldane 
mapping function (Haldane, 1919).  
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Results and Discussion 
 
The results from the herbicide assay for the F2 plants from which the isolated 
DNA for subsequent marker analysis was that 32 F2 plants were sensitive and 58 
plants were tolerant.  
After running agarose gels with the dominant marker dupssr1, 59 samples 
showed bands from B73 and 31 samples showed no bands. These results followed a 
2:1 pattern. After running gels with the co-dominant marker Umc1365, 22 F2 samples 
showed bands from B99, while 22 samples showed bands from B73 and 46 samples 
showed bands from both B99 and B73. Thus, the results matched the expected 1:2:1 
pattern. 
For the marker analyses with PCR, five markers (IDP8647, alt4, ben1, mm154, 
umc2036, IDP6013 and TMR40) were monomorphic (not different between B99 and 
B73) and for that reason, not useful for this mapping population. The other five 
markers (dupssrl, Umc1155, hxa102 , bnlg1382 and Umc1365) were polymorphic.  
A Chi-Square test was conducted to determine, whether the polymorphic DNA 
markers were associated with herbicide tolerance. Based on Chi-Square tests, the 
markers dupssrl (Chi-Square=4.28, degrees of freedom=1, p-value<0.05), bnlg1382 
(Chi-Square=6.32, degrees of freedom=1, p-value<0.05), and Umc1365 
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(Chi-Square=8.32, degrees of freedom=2, p-value<0.05) were significantly associated 
with herbicide tolerance, whereas Umc1155 and hxa102 were not significantly 
associated with herbicide tolerance. Markers dupssr1, bnlg1382, and Umc1365 were 
linked with a nicosulfuron tolerance locus. The genetic distances between markers 
dupssr1, Umc1365 and the tembotrione tolerance gene were 46.2 and 6.8 cM, 
respectively (Figure 1). The location of the tolerance gene is very close to 104.85 
(Maize Genetics and Genome Database, 2012). 
After using a Chi-Square test the segregation of the dominant marker dupssr1 
was consistent with the expected ratio of 3:1. Similarly, the co-dominant marker 
umc1365 followed a 1:2:1 pattern. These ratios fit our expectations.  
Our result reinforce findings by prior literature (Nordby et al., 2008). They show that 
the gene affecting herbicide sensitivity in our study maps to the same region of 
chromosome 5S  identified in earlier reports, and that marker bnlg1382 is closely 
linked to the respective herbicide tolerance gene. 
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Figure 2: Gel Pattern of umc1365. (source: maize GDB 
http://www.maizegdb.org/cgi-bin/displaylocusrecord.cgi?id=248693 ) 
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Figure 3: Gel Patterns of dupssr1 SSR/B73. (source: maize GDB 
http://www.maizegdb.org/cgi-bin/displaylocusrecord.cgi?id=114102 ) 
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Table 1:  Marker information, including map position and primer sequence. 
Marker Map Position  
 
Primer Sequence 
 
umc1365 98.1 TGCACACAGTAGGAAGACAGGAAG Reverse 
  
GCATACATGATACATGCCGTGACT Forward 
IDP6013 89.1 TCAATGTTACTGTTGGGAGCC    Reverse 
  
ATGGTTCCACAATACCCAGC Forward 
TMR40 67.8 TGACGGTTTGACCATCAAGA Reverse 
  
TCAAAATCTGGGTGGAGGAG Forward 
ben1 124 TAGGTTCGCGCAAAGAGCAGTGAT    Reverse 
  
CTACACTGACACTGTGATCACTGC Forward 
umc2036 124.7 CTCTTGATCTCAACCGAAATCCTG  Reverse 
  
TCAATCAAGCCTCTCGTAAGGAAC Forward  
hxa102a 128.4 CAGCAGAACGACATTCCTGGAGTT   Reverse 
  
CGGAGGAGAATTCAAGAACTCCAG    Forward 
bnlg1382  104.85 GCAGGATTTCATCGGTTGTT  Reverse 
  
TTTTCTTTCAAAAATATTCAGAAGC  Forward  
mmp154 290.2 TGCATGCAGTTAAGTTAGTCGTGG Reverse 
  
GCAAAGAAGACGAACCGAATCTAA Forward  
IDP8647  102.9 GCTTGAGAAGCACTTCAGGG Reverse 
  
CTTATCGCTCCTCCAGATGC Forward 
dupssr1 151.05 CGTTTAGCGATATCATTTTCC  Reverse 
  
TGTTCTCAACAACCACCG Forward 
alt4 257 GGGACAAGAGCTCCACCATGAAGA Reverse 
  
ACTCAGCCTCCATTGCTCTTCATG Forward 
umc1155  410.8 CCTGAGGGTGATTTGTCTGTCTCT Reverse 
   
TCTTTTATTGTGCCCGTTGAGATT Forward 
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CHAPTER 6: CONCLUSIONS 
 
The major aim of this study was to evaluate new methods to select haploids for 
maize breeding. The first method was to evaluate different inbreds for sensitivity to 
herbicides that could be developed as a tool for haploid selection, and the second was 
to evaluate automated sorting based on near-infrared reflectance spectroscopy (NIRS) 
and SIMCA analysis. 
In the summer of 2009, herbicide damage was observed after application of 
Laudis. Most of the sensitive lines were highly inbred, including Ki3, W117, B99, R4, 
I159, P8, B73, and B47. The finding of herbicide sensitivity was confirmed in 
greenhouse trials for the majority of inbreds. If a herbicide could be found for which a 
dominant sensitivity exists, herbicide treatment could be used to kill all diploid plants 
while leaving haploid plants unharmed. This would eliminate the limitations of low 
induction rates and time-consuming selection processes, and thus make the process of 
DH line production far faster. 
Differentiation into sensitive and tolerant genotypes was clearly possible at all 
doses. Symptoms were more severe on leaves that were in direct contact with Laudis. 
Based on the experiments detailed in Chapter 2, the best differentiation was between 
1/2 and 1/16 of the original concentration of Laudis (11.7 [ml/ml]). In our 
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experiments, sensitivity against tembotrione (active ingredient of Laudis) was a 
recessive trait and, therefore, not useful for the purpose of haploid selection.  
For the herbicide nicosulfuron, B73 did not show any symptoms or damage. B99, 
Hix4243, and P8 were damaged by nicosulfuron treatment. B99 and P8 showed 
symptoms (stunted growth with minor chlorosis and accumulation of anthocyanin) at 
higher doses and were not completely damaged at low doses. Hix4243 was sensitive, 
and showed stunted growth with severe chlorosis and accumulation of anthocyanin. 
Therefore, nicosulfuron sensitivity was recessively inherited and not suitable for our 
purpose of haploid selection.  
 For near- infrared spectroscopy, SIMCA modeling of NIR spectra appears to be a 
successful method of differentiating haploid and hybrid maize kernels. The NIRS 
method may be useful to overcome the disadvantages of phenotypic marker R1-nj. 
NIRS can save time during selection and automated haploid selection.  
Future efforts need to be directed towards testing other herbicides for dominant 
sensitivity, or testing alternative markers that could be useful for haploid selection. 
Potential alternative markers include red root marker, high oil content, or transgenic 
markers. Future work using NIRS is planned to further test the screening method on a 
wider range of genotypes, in order to optimize the procedure and increase the 
instrumental throughput. 
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